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For the lytic growth cycle of the temperate cos-site Streptococcus thermophilus phage Sfi21 a transcription map was
developed on the basis of systematic Northern blot hybridizations. All deduced 5 ends were confirmed by primer extension
analysis. Three time classes of transcripts were observed. Early transcripts were identified in four different genome regions.
One prominent early mRNA of 4.8 kb length covered a group of 12 genes located between the origin of replication and the
cos-site. Two short early mRNAs represented a single gene from the direct vicinity of the cos-site and the superinfection
immunity gene from the lysogeny module, respectively. A fourth early transcript covered a group of four genes located
between the lysin and the integrase gene. Middle transcripts of 2.1 and 5.8 kb length covered cro-like and ant-like repressor
genes and the DNA replication module, respectively. Four types of late transcripts were identified. The transcripts covered
the likely DNA packaging genes, the head morphogenesis module plus the major tail gene, the remainder of the tail genes,
and the putative tail fiber plus lysis genes, respectively. Only the transcript from the head morphogenesis genes yielded
defined late mRNA species. The transcription map concurred with most of the in silico predictions for the genome
organization of phage Sfi21 except for the separation of the DNA replication module from a possible transcription regulation
module. Most 5 ends of the transcripts determined in primer-extension experiments were not preceded by a consensusINTRODUCTION
Streptococcus thermophilus phages are a major
cause of fermentation failures in the dairy industry (Bru¨s-
sow, 1999). Due to this economic importance, S. ther-
mophilus bacteriophage became one of the most care-
fully sequenced phage groups (Bru¨ssow and Desiere,
2001). All S. thermophilus phages belong to the Sipho-
viridae family of tailed phages (Caudovirales). Closely
related temperate and virulent S. thermophilus phages
were described (Bru¨ssow, 2001) that shared sequence
similarity not only with phages from other important dairy
starters (Lactococcus lactis, Lactobacillus spp.) (Desiere
et al., 2001a), but also from important human pathogens
such as S. pyogenes (Desiere et al., 2001b). Therefore S.
thermophilus phages were chosen in our laboratory as
reference phages for comparative phage genomics.
However, simple database searches with phage se-
quences were of limited use in the elucidation of the
phage genome organization yielding few indications on
transcription and expression pattern. For example,
phage Sfi21, the prototype temperate cos-site S. ther-
mophilus phage, has a 40-kb genome that potentially
encodes 53 genes (Lucchini et al., 1999b). Database
162searches allowed attribution of a likely function to only 10
genes. For dairy phages this is a fairly typical case.
Phage O1205, the prototype temperate pac-site S. ther-
mophilus phage with a similar genome size, but a totally
unrelated structural gene cluster, also showed only 10
genes with good matches to entries from the database
(Stanley et al., 1997). It is currently unknown if this ob-
servation reflects an intrinsically great variability of
phage genes or simply a limitation of the database. At
present, only about 100 complete phage genomes are
deposited in the database corresponding to less than
two Escherichia coli genome equivalents.
Alternative approaches are therefore urgently needed
to further our understanding of the genome organization
in phages that are investigated for applied and not aca-
demic purposes (e.g., phage resistance in dairy micro-
biology, phage therapy in medical microbiology, and
phage ecology in marine microbiology). One successful
approach was the comparative genomic analysis of S.
thermophilus phages that differed in phenotype (host
range; susceptibility to phage resistance mechanisms;
life-style: temperate vs virulent; DNA packaging mecha-
nism: cos-site vs pac-site) (Lucchini et al., 1999a,b).
These comparisons allowed a given phage phenotype to
be assigned to single gene (putative antireceptor pro-promoter sequence. The involvement of phage-encoded
chloramphenicol-inhibition experiments. © 2002 Elsevier Scien
To whom correspondence and reprint requests should be addressed.
Fax:41-21-785-8925. E-mail: harald.bruessow@rdls.nestle.com.
doi:10.1006/viro.2001.1331
0042-6822/02 $35.00ors for middle and late transcription was suggested by
)
tein) or larger DNA segments (putative lysogeny, DNA
packaging, DNA replication modules, and structural© 2002 Elsevier Science (USA)
All rights reserved.regulat
ce (USA
gene clusters). Another approach hinged on the obser-
vation that S. thermophilus phages closely matched the
gene map of lambdoid coliphages over the late gene
region (Desiere et al., 1999). An evolutionary analysis
suggested that this similarity reflected ancient phyloge-
netic relationships between both phage groups (Bru¨s-
sow and Desiere, 2001). On the basis of the genome map
alignments with lambdoid phages (Casjens et al., 1992),
a number of gene functions have been predicted. In fact,
the identity of the major head and major tail proteins
were confirmed by electron microscopy combined with
N-terminal sequencing (Desiere et al., 1999; Stanley et
al., 1997). In addition, the tail tape protein (Pedersen et
al., 2000), the tail absorption protein (Duplessis and
Moineau, 2001), the holin, and the lysin genes (Sheehan
et al., 1999) have been defined in dairy phages by a
combination of genetic and biological experiments.
In the present article we report a transcription map for
the temperate cos-site S. thermophilus phage Sfi21 by
using 34 different DNA probes and confirming all de-
duced transcript locations by primer-extension experi-
ments. The transcription map was used to crosscheck
the in silico predictions of comparative phage genomics.
The transcription map also provided a first insight into
the dynamics of gene expression of phage Sfi21. In con-
trast to temperate lactococcal phages (Madsen and
Hammer, 1998) the transcription of the temperate phage
Sfi21 during the lytic growth was not initiated in the
genetic switch region predicted by in silico analysis. The
divergently transcribed genes of the postulated genetic
switch region gave rise to middle transcripts. Chloram-
phenicol-inhibition studies suggested that the prominent
lytic transcript of this region was under positive control
by a phage protein encoded in early genes.
RESULTS
Lytic growth of the temperate S. thermophilus phage
Sfi21
S. thermophilus cell strain SfiI was infected with the
temperate phage Sfi21 at an OD (600nm) of 0.1 with a
multiplicity of infection of 10. Intracellular progeny phage
was detected at 30 min postinfection (p.i.) and reached
maximal titers at 50–60 min p.i., when the bacterial cul-
ture underwent lysis. Extracellular phage titers followed
the intracellular phage titers with a 10- to 20-min time lag
(data not shown). Until shortly before cell lysis, infected
and uninfected cells could not be distinguished by their
polypeptide pattern on SDS–PAGE (data not shown).
Cells infected with the temperate phage Sfi21, but not
those infected with a virulent S. thermophilus phage,
resumed growth in milk with a time lag of about 4 h. All
survivors contained the Sfi21 prophage. Based on a
doubling time of 25 min for S. thermophilus cells, we can
estimate that approximately 1 of 1000 infected cells took
the lysogenic instead of the lytic pathway. Under single-
step growth conditions a comparable growth curve was
obtained for phage Sfi21 (data not shown). The burst size
was about 150 phage particles per cell. Comparison of
the viable cell counts and infective centers demonstrated
again that about 1 in 1000 cells survived the infection.
Transcription mapping in phage Sfi21
Total RNA was isolated from the infected cells at 0 and
2 min p.i., and then every 5 min until about 40 min p.i.
Fifteen micrograms of total RNA were separated on a
denaturing agarose gel, blotted, and phage transcripts
were revealed by Northern blot hybridization using spe-
cific DNA probes. The precision of the localization of the
phage mRNAs on the phage genome map is limited by
the number of DNA probes used in Northern blots and
their spatial resolution. More than 30 DNA probes were
used to localize the transcripts on the genome map. To
increase that resolution, the 5 ends of all transcripts
were mapped by primer-extension experiments. The 3
position of the mRNA was deduced from the estimated
size of the mRNAs and from hybridization experiments
with probes corresponding to adjacent DNA segments.
Rho-independent terminators were predicted by in silico
analysis. A summary of the results is presented in the
transcription map shown in Fig. 1.
Transcription of the predicted genetic switch region
DNA sequence analysis of phage Sfi21 predicted a
genetic switch region between ORF 127 and 75, two
divergently transcribed genes that encode repressor-like
proteins (Fig. 1) (Bruttin et al., 1997b). ORF 127 and the
following three genes represent the only leftward tran-
scribed gene clusters of the phage Sfi21 genome and
included a biologically proven superinfection immunity
gene (ORF 203) (Bruttin et al., 1997b) and the phage
integrase (ORF 359) (Bruttin et al., 1997a) (Fig. 1). When
the Northern blots were probed with ORF 127, the pre-
dicted cI-like repressor gene, only weak phage tran-
scripts were detected (Fig. 2C) and no primer extension
products were obtained with ORF127-specific primers
from RNA of lytically infected cells (data not shown). A
1.6- and a 3.2 kb-long mRNA species was detected with
the ORF 127 probe only after longer exposure times (Fig.
2C). When Northern blots were probed with ORF 75, the
predicted cro-like repressor gene, a single 2.1-kb hybrid-
ization signal was detected by autoradiography (Fig. 2A).
The signal was clearly visible at 12 min p.i., increased in
intensity until 27 min p.i., and decreased at later times of
infection. The maintenance of a signal until late in infec-
tion could indicate ongoing transcription or stability of
the mRNA synthesized at an earlier time of infection.
Primer-extension experiments located the 5 end 45 bp
upstream of the start codon of ORF 75 (Fig. 2B). The ORF
75 start codon is preceded by a good ribosomal binding
site (RBS) and the 5 end of the transcript is preceded by
63TRANSCRIPTION MAPPING AS A TOOL IN PHAGE GENOMICS
FI
G
.1
.T
ra
ns
cr
ip
tio
n
m
ap
fo
r
th
e
te
m
pe
ra
te
S
.t
he
rm
op
hi
lu
s
ph
ag
e
S
fi2
1.
(T
op
)P
re
di
ct
io
n
of
th
e
op
en
re
ad
in
g
fr
am
es
in
th
e
co
m
pl
et
e
ge
no
m
e
of
ph
ag
e
S
fi2
1.
Th
e
O
R
Fs
ar
e
m
ar
ke
d
w
ith
th
ei
r
le
ng
th
in
co
do
n
nu
m
be
rs
.P
ro
ba
bl
e
ge
ne
fu
nc
tio
ns
id
en
tif
ie
d
by
bi
oi
nf
or
m
at
ic
an
al
ys
is
ar
e
no
te
d
be
lo
w
th
e
m
ap
.G
en
e
fu
nc
tio
ns
id
en
tif
ie
d
by
bi
ol
og
ic
al
ex
pe
rim
en
ts
ar
e
un
de
rli
ne
d.
Th
e
ph
ag
e
ge
no
m
e
w
as
di
vi
de
d
in
to
fu
nc
tio
na
lu
ni
ts
as
pr
ed
ic
te
d
by
pr
ev
io
us
bi
oi
nf
or
m
at
ic
an
d
co
m
pa
ra
tiv
e
ev
ol
ut
io
na
ry
an
al
ys
is
(L
uc
ch
in
ie
ta
l.,
19
99
b)
.T
he
m
od
ul
es
ar
e
in
di
ca
te
d
by
br
ac
ke
ts
at
th
e
to
p
of
th
e
ge
ne
m
ap
.G
en
es
pr
ed
ic
te
d
to
be
lo
ng
to
th
e
sa
m
e
un
it
ha
ve
th
e
sa
m
e
co
lo
r.
G
ra
y
fil
lin
g
in
di
ca
te
s
la
ck
of
in
fo
rm
at
io
n
ab
ou
tt
he
pr
ob
ab
le
fu
nc
tio
n
of
th
e
in
di
ca
te
d
O
R
Fs
by
in
si
lic
o
an
al
ys
is
.O
R
Fs
pr
ec
ed
ed
by
a
po
te
nt
ia
lR
B
S
ar
e
m
ar
ke
d
w
ith
an
R
in
si
de
th
e
ar
ro
w
.O
R
Fs
st
ar
tin
g
w
ith
an
un
co
nv
en
tio
na
li
ni
tia
tio
n
co
do
n
ar
e
in
di
ca
te
d
w
ith
an
as
te
ris
k.
O
ve
rla
p
of
st
ar
t
an
d
st
op
co
do
n
is
in
di
ca
te
d
w
ith
a
tr
ia
ng
le
.(
M
id
dl
e)
Th
e
ap
pr
ox
im
at
e
po
si
tio
n
of
th
e
P
C
R
pr
od
uc
ts
us
ed
fo
r
pr
ob
in
g
of
th
e
N
or
th
er
n
bl
ot
s
is
pr
ov
id
ed
w
ith
th
e
sc
al
e
in
ba
se
pa
irs
.(
B
ot
to
m
)S
um
m
ar
y
of
th
e
tr
an
sc
rip
tio
n
an
al
ys
es
.T
he
S
fi2
1-
sp
ec
ifi
c
tr
an
sc
rip
ts
ar
e
de
pi
ct
ed
as
ar
ro
w
s;
th
e
ar
ro
w
s
po
in
tt
o
th
e
3
en
d
of
th
e
m
R
N
A
.T
he
ar
ro
w
s
ar
e
co
lo
re
d
in
gr
ee
n,
bl
ue
,o
r
re
d
to
in
di
ca
te
ea
rly
,m
id
dl
e,
an
d
la
te
tr
an
sc
rip
ts
,r
es
pe
ct
iv
el
y.
Th
e
le
ng
th
of
th
e
ar
ro
w
is
pr
op
or
tio
na
lt
o
th
e
le
ng
th
of
th
e
m
R
N
A
de
riv
ed
fr
om
th
e
N
or
th
er
n
bl
ot
s.
Th
e
es
tim
at
ed
si
ze
of
th
e
m
R
N
A
is
in
di
ca
te
d
in
ki
lo
ba
se
pa
irs
.T
he
tr
an
sc
rip
ts
ar
e
po
si
tio
ne
d
w
ith
re
sp
ec
tt
o
th
e
ge
no
m
e
m
ap
sh
ow
n
ab
ov
e.
Th
e
w
id
th
of
th
e
ar
ro
w
s
in
di
ca
te
s
th
e
re
la
tiv
e
ab
un
da
nc
e
of
th
e
m
R
N
A
sp
ec
ie
s.
Th
e
w
av
y
lin
es
in
di
ca
te
m
R
N
A
s
th
at
pr
es
en
te
d
as
sm
ea
re
d
hy
br
id
iz
at
io
n
re
su
lts
.P
os
iti
ve
(b
lu
e
ci
rc
le
s)
an
d
ne
ga
tiv
e
(r
ed
ci
rc
le
s)
re
su
lts
of
th
e
pr
im
er
-e
xt
en
si
on
ex
pe
rim
en
ts
ar
e
no
te
d
ne
xt
to
th
e
id
en
tif
ic
at
io
n
of
th
e
te
st
ed
O
R
F.
H
ai
rp
in
s
in
di
ca
te
po
ss
ib
le
rh
o-
in
de
pe
nd
en
t
te
rm
in
at
or
s;
th
e
tw
o
si
ze
s
of
th
e
ha
irp
in
s
re
fe
r
to
di
ffe
re
nt
en
er
gi
es
ca
lc
ul
at
ed
fo
r
th
e
ha
irp
in
(la
rg
e:

15
kc
al
/m
ol
;s
m
al
l:
10
–1
5
kc
al
/m
ol
).
64 VENTURA ET AL.
nearly perfect 10 and 35 consensus promoter sites
for L. lactis, a close evolutionary relative of S. thermophi-
lus.
Transcription of the cloned genetic switch region
When ORF 127 was cloned on plasmid pNZ124 under
the control of the intergenic region between ORF 127 and
75, an ORF 127-specific messenger was detected in
transformed SfiI cells (Fig. 2E, lane 1) and the putative
transcription start site could be determined by primer
extension (Fig. 2D). The 5 end suggested the use of an
internal in-frame start codon in ORF 127. Neither a good
RBS nor a consensus promoter structure, respectively,
preceded the predicted start codon and the 5 end of the
FIG. 2. Northern blot of total RNA isolated from S. thermophilus SfiI at the indicated time after infection (0–42 min p.i., indicated at the top of the
Northern blots) with phage Sfi21 were hybridized against an ORF75-specific DNA (A) or an ORF127-specific DNA (C, C shows a six-fold longer
exposure of the autoradiography compared to A). The estimated size of the detected transcripts in kb are indicated to the right of each panel.
Primer-extension analysis carried out with transcripts from Sfi21-infected cells with oligonucleotides placed near the 5 ends of the transcripts starting
from ORF 75 (B) and from ORF 127 (D, RNA from SfiI cell transformed with plasmid pSFcI). The major primer-extended products are identified with
respect to entry NC_000872. E: ORF127-specific (lanes 1, 2) and ORF 75-specific (lanes 3, 4) mRNA expression in SfiI cells containing plasmids pSFcI
(lane 1), pSFswi (lanes 2, 4), and pSFcro (lane 3). Molecular weights are indicated in kb.
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transcript. An ORF 127-specific mRNA of identical size
was also observed (Fig. 2E, lane 2) when ORF 127 was
cloned in the context of the putative genetic switch re-
gion comprising ORF 127 to 93, thus including the puta-
tive cro- and ant-like repressor genes (see Fig. 1 for
orientation). An ORF 75-specific mRNA was seen when
ORF 75 was cloned on plasmid pNZ124 under the control
of the intergenic region (Fig. 2E, lane 3). The 5 end
determined in primer-extension experiments corre-
sponded to that seen in lytic infection (data not shown),
but transcription apparently continued into the plasmid
DNA and was terminated at several nonspecific sites. In
contrast, no ORF 75-specific mRNA was detected in SfiI
cells transformed with the entire putative genetic switch
region comprising ORF 127 to 93 (Fig. 2E, lane 4). This
suggests negative regulation by the repressor encoded
in ORF 127.
Transcription of the remaining lysogeny genes
A probe covering the superinfection immunity gene
(ORF 203) detected a 1-kb-long mRNA species. This
mRNA became detectable at 7 min p.i. and reached
maximal transcription levels at 17 min p.i. (Fig. 3A).
Primer-extension experiments placed the 5 end of the
transcript 48 bp upstream of the predicted start codon of
ORF 203 (Fig. 3C).
A group of genes located between the lysin and the
integrase genes of phage Sfi21 have been tentatively
assigned to the lysogeny module (Lucchini et al., 1999b).
These genes were transcribed during lytic infection and
presented as a major 2.3-kb-long mRNA and as less
well-defined further transcripts. The transcription started
early and the transcripts were maintained throughout the
entire infection cycle (Fig. 3B). Primer-extension analysis
(Fig. 3D) placed the 5 end 25 bp upstream of ORF 110
and was preceded by a consensus promoter.
Transcription of the DNA replication module
A comparative genomics analysis identified a highly
conserved DNA segment in S. thermophilus phages cov-
ering ORF 157 to 51 (Desiere et al., 1997). The predicted
proteins showed similarity with helicases, primases, and
nucleoside triphosphate (NTP)-binding proteins, respec-
tively. An origin of phage replication was demonstrated
FIG. 3. Northern blot and primer extension analysis of early transcripts in the lysogeny module. Northern blots of total RNA isolated from
Sfi21-infected cells at the indicated times p.i. were hybridized against an ORF 203-specific (A) and an ORF 110 to140b-specific probe (B). Major
transcripts were identified with their length in kb. Primer extension analysis of the transcripts starting at 5 end of ORF 203 (C) and 5 end of ORF
110 (D). The major primer-extended products are identified with respect to entry NC_000872.
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experimentally in phage Sfi21 and located downstream
of ORF 504 (Foley et al., 1998). Virulent S. thermophilus
phages showed a second origin of replication down-
stream of ORF 51 (Lucchini et al., 1999b), leading to the
prediction of the DNA replication module as depicted in
Fig. 1. A probe covering ORF 443 (helicase) to ORF 504
(primase) revealed three mRNA species of 5.8, 3.6, and
1.5 kb (Fig. 4A). These phage mRNAs were detected from
12 min p.i. until the end of the infection cycle. A probe
covering ORF 157 hybridized with the 5.8- and 3.6-kb
mRNA species, while a probe covering ORF 504 hybrid-
ized with the 5.8- and 1.5-kb transcript (data not shown).
Primer extension analysis located the 5 ends of a tran-
script 75 bp upstream of ORF 157 (Fig. 4B) and three 5
ends of phage transcripts were placed upstream of ORF
504 (Fig. 4C).
From ori to cos site
In contrast to previous in silico predictions, the genes
downstream of the primase gene were found to belong
to a distinct transcription unit (Fig. 1). Both a probe
consisting of ORF 143 to 51 and a probe comprising ORF
181 to 170 revealed a 4.8-kb early mRNA as the major
transcription product and less well-defined mRNA spe-
cies in the size range of 3.7 to 2.6 kb (Fig. 5A, data not
shown). Primer extension located the 5 end of the major
early phage transcript 94 bp upstream of ORF 143 (Fig.
5B).
A probe corresponding to ORF 132 identified two fur-
ther early phage transcripts with 1.2- and 1-kb molecular
weight (Fig. 5C). The 1.2-kb transcript was detected first;
it was gradually replaced by the 1-kb transcript from 12
min p.i. and both transcripts were drastically reduced at
27 min p.i. The 5 end of the transcript was located 46 bp
upstream of ORF132 (Fig. 5D).
Transcription of DNA packaging genes
Comparative genomics supported the identification of
three genes that flanked the cos-site (ORF 175, 152a, and
623) as likely DNA packaging genes (Lucchini et al.,
1999b) (Fig. 1). ORF 623 shared sequence similarity with
large subunit terminases (Desiere et al., 2001a). Primer-
extension experiments demonstrated three 5 ends for
transcripts of this region: the first site is 77 bp upstream
of ORF 175 (Fig. 6A); the second site is 89 bp upstream
of ORF 152 (which can only be transcribed when the
cos-site is sealed) (Fig. 6B), and the third site is 70 bp
upstream of ORF 623 (Fig. 6C). However, several different
RNA preparations failed to yield distinct hybridization
signals when using various DNA probes from this region.
A smear of signals was observed starting from 17 min p.i.
to the end of the infection cycle. The peak distribution of
the smear was between 2.5 and 1 kb (data not shown).
Transcription of structural genes
Two mRNA species of 6.2 and 4.4 kb size (Fig. 7)
covered the genome region that was associated with
head morphogenesis (Desiere et al., 1999) (see Fig. 1 for
orientation). A weak signal was seen at 17 min p.i. and
transcripts became prominent between 22 and 32 min
p.i. A probe from the likely portal protein gene (ORF 384)
revealed a defined 6.2 mRNA species plus some
smeared RNA (Fig. 7A, the “band” at the lower edge of
the smear is an artifact due to 23 S rRNA; see also Fig.
7B). In contrast, all probes corresponding to a protease
gene (ORF 221) or ORF 106 to 123 (predicted to encode
head-to-tail joining genes) or the major tail gene (ORF
202) yielded both the 6.2- and the 4.4-kb hybridization
signal (Fig. 7B and data not shown). The ORF 202 probe
also detected a small 0.9-kb transcript (data not shown).
Primer-extension experiments located the 5 ends of
transcripts 20 bp upstream of the start codon from ORF
384 (portal protein, Fig. 7C), 21 and 230 bp, respectively,
ahead of the start codon from ORF 221 (ClpP protease,
Figs. 7D and D), and 52 bp ahead of ORF 202 (tail gene)
FIG. 4. Northern blot and primer extension analysis of middle tran-
scripts. (A) Northern blot hybridized with the ORF 443-specific DNA
probe from the DNA replication module. The three major transcripts are
identified with their sizes in kb. Primer extension analysis of the 5 ends
of RNA transcripts from ORF 157 (B) and from ORF 504 (C). The major
primer-extended products are identified with respect to entry
NC_000872.
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(Fig. 7E). A rho-independent terminator was identified
downstream of ORF 202.
Probes covering separately ORF 1560 (the putative tail
tape measure gene), ORF 515, ORF 1276 (the putative tail
absorption gene), ORF 670, or ORF 288 (the lysin gene)
all revealed a smear of transcripts with the highest mo-
lecular weights at 6 kb (ORF 1560, ORF 515) or 9 kb (all
other probes), respectively (Fig. 8A and data not shown).
Maximal RNA accumulation was observed at 22–32 min
p.i. and 5 ends of phage transcripts over this region
were located 28 and 70 bp upstream of ORF 117a and
515, respectively (Figs. 8B and 8C). Notably, no 5 end
was located upstream of the three genes constituting the
lysis cassette (two holins followed by a lysin gene),
suggesting cotranscription with tail fiber genes. A strong
rho-independent terminator was identified downstream
of ORF 288 (lysin).
Lack of a consensus promoter sequence ahead of
the experimentally determined 5-mRNA ends
If the 5 ends of the phage transcripts are not pro-
cessed, the 5 ends of the phage mRNAs determined in
primer extension experiments correspond to the tran-
scriptional start sites and allow the identification of
phage promoters by reference to the phage genome
sequence. However, inspection of the upstream se-
quences from most phage Sfi21 transcripts did not reveal
likely promoter sequences. Also an alignment of these
upstream sequences yielded only a poor consensus
sequence. For the eight early and middle transcripts of
FIG. 5. Northern blot and primer extension analysis of the early transcripts located between DNA replication genes and the cos-site. (Left)
Northern blots hybridized with a probe covering ORF143 to ORF 51 (A) and ORF 132 (C). (Right) Primer extensions analysis was done with
oligonucleotides targeted to the 5 ends from ORF 143 (B) and ORF 132 (D). The major primer-extended products are identified with respect
to entry NC_000872.
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phage Sfi21, the following consensus was derived:
AATxxAaAxAxaxxtxxAxaxaxatGTtaTaaaxAAaxt-first base
pair of primer extension product. A potential extended
10 promoter site is underlined. Uppercase indicates
conservation in more than or equal to five of the eight
transcripts, and lowercase indicates conservation in four
FIG. 6. Primer-extension experiments with the mRNAs from the putative DNA packaging module. The oligonucleotides were targeted to the 5 ends
from ORF 175 (A), ORF 152 (B), and ORF 623 (C). The major primer-extended products are identified with respect to entry NC_000872.
FIG. 7. Northern blot and primer extension analysis of late transcripts located in the head morphogenesis module. (Top) Northern blot analysis using
probes corresponding to ORF 384 (A) and to a region covering ORF 106 to ORF123 (B). (Bottom) Primer extensions analysis was done with
oligonucleotides targeted to the 5 ends from ORF 384 (C), ORF 221 (D, D), and ORF 202 (E). The major primer-extended products are identified with
respect to entry NC_000872.
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transcripts. X indicates nonconserved sites. No con-
served 35 promoter site was detected. Even less con-
servation was seen for the upstream sequences of the
late transcripts (data not shown). In contrast, 10 of 16
putative mRNAs showed a ribosomal binding site appro-
priately spaced with respect to the predicted start codon.
The lack of a consensus promoter sequence upstream
of the phage transcripts could suggest that the synthesis
of a phage-encoded product is needed to initiate tran-
scription. To address this possibility, protein synthesis
was blocked by the addition of chloramphenicol at the
time of phage infection. The effect of 10, 20, and 30 g
chloramphenicol per milliliter on early-, middle-, and late-
expressed phage transcripts was tested. Measures of
20 and 30 g of chloramphenicol per milliliter sup-
pressed all phage transcription (data not shown). In
contrast, addition of 10 g/ml chloramphenicol sup-
pressed middle- and late-phage transcripts only (Figs.
9A–9D). Primer-extension experiments confirmed these
results (Figs. 9E–9G). We were especially interested in
the effect of chloramphenicol on the transcription from
the genetic switch region. The transcription level of ORF
127 repressor was as low in chloramphenicol-treated as
in control cells (Fig. 10B). Interestingly, the 2.1-kb mRNA
detected with an ORF 75 repressor-specific probe in
control cells was not observed in chloramphenicol-
treated cells (Fig. 10A).
DISCUSSION
Transcription mapping offers a “reality check” for in
silico predictions in phage genomics. Since it also re-
veals dynamic aspects of the phage genome expression,
it can provide insights into the phage genome organiza-
tion that cannot be readily predicted by DNA sequence
analysis. Transcription mapping is thus a useful second
step after phage DNA sequencing and before biochem-
ical or genetic experiments are done. However, while
genomic analysis can be performed with any concen-
trated phage preparation, transcription mapping de-
pends on the isolation of phage plaques and the in vitro
cultivation of the bacterial host.
What are the lessons from transcription mapping for
the understanding of the genome organization in S. ther-
mophilus phage Sfi21?
Lysogeny module
Comparative genomics of temperate and virulent S.
thermophilus phages led to the proposal of a lysogeny
module, which included a putative genetic switch region.
Transcription mapping confirmed the right border of this
in silico prediction, while it slightly corrected the left
border of the lysogeny module by one gene (ORF 110).
For temperate phages of dairy bacteria a transcription
map has only been reported for the L. lactis phage
TP901-1 (Madsen et al., 1998). Its transcription map dif-
fers from that of Sfi21 in an important aspect: All early
transcripts in TP901-1 were initiated in the predicted
genetic switch region. A similar transcription pattern was
observed for another pac-site temperate lactococcal
phage, Tuc2009 (D. van Sinderen, personal communica-
tion). In phage Sfi21, however, the divergently oriented
promoters of the putative genetic switch region are tran-
scriptionally silent in the early infection phase. The tran-
scriptional silence of both repressor genes during early
infection is surprising since ORF 75 has a consensus
promoter and ORF 127 is transcribed from its own pro-
moter when cloned on a plasmid. This indicates that both
genes can be transcribed by an unmodified host RNA
polymerase.
Early genes
Transcription mapping located early genes in the ly-
sogeny module and between the DNA replication mod-
ule and the cos-site. The latter region gave rise to two
major transcripts, one 4.8-kb-long mRNA extending over
FIG. 8. Northern blot and primer extension analysis of late transcripts
located in the tail morphogenesis module. (Top) Northern blot hybrid-
ized with a probe covering ORF 670 to 288 (A). (Bottom) Primer exten-
sions analysis was done with oligonucleotides targeted to the 5 ends
from ORF 117a (B) and ORF 515 (C). The major primer-extended prod-
ucts are identified with respect to entry NC_000872.
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12 genes and another mRNA covering a single gene
(ORF 132). Comparative genomics has correctly set apart
ORF 132 from the rest of the genome. The right border of
the module defined by the 4.8-kb mRNA was also cor-
rectly predicted (Lucchini et al., 1999b). However, the left
half of the 4.8-kb mRNA was erroneously assigned to the
DNA replication module based on the observation of a
duplicated origin of replication in the corresponding ge-
nome region of virulent S. thermophilus phages. ORF 143
to 51 are part of the 4.8-kb early transcript, which makes
the in silico prediction as DNA replication genes unten-
able. The left border of the DNA replication module was
correctly predicted by in silico analysis (Desiere et al.,
1997). The newly defined right border of the DNA repli-
cation module ends now with an experimentally proven
origin of replication (Foley et al., 1998).
The transcription of middle and late genes, but not of
early genes, was suppressed when the cells were in-
fected in the presence of a protein synthesis inhibitor.
This data suggest that the early Sfi21 genes encode a
FIG. 9. Early, but not middle, and late transcripts are made in the presence of 10 g/ml of the protein synthesis inhibitor chloramphenicol. (Top)
Northern blots of mRNA isolated at the indicated times after infection of chloramphenicol-treated cultures were hybridized against the following
probes. (A) Early genes ORF 181 to 170; (B) early genes ORF 110 to 140b; (C) middle gene 157 (DNA replication module); and (D) late gene 384 (portal
protein gene). (Bottom) Primer extensions analysis was done with oligonucleotides targeted to the 5 ends from early gene ORF 143 (E), middle gene
ORF 157 (F), and late gene ORF 117a (G). Three primer extension experiments are shown for RNA preparations recovered at 7, 12, and 17 min p.i. (E)
and at 12, 17, and 22 min p.i. (F and G) from control () and chloramphenicol ()-treated cultures.
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transcription regulator for middle and late gene tran-
scription. Notably, the transcription of the major lytic
mRNA from the putative genetic switch region was also
under the control of such a protein(s). This means that
the genetic switch region is not the major regulatory site
for the transcription of the Sfi21 genome at least under
conditions of lytic growth. In fact, the expression of the
2.1-kb mRNA from the genetic switch region is not nec-
essary for the progression of the lytic program. First, the
transcription of the 2.1-kb mRNA did not precede the
transcription of the DNA replication genes. Second, a
number of deletion mutants were isolated from Sfi21 that
had lost various parts of the genetic switch region in-
cluding the cro-like gene without compromising the lytic
growth capacity of the derivative phages (S. Foley et al.,
unpublished observations). It is possible that the genetic
switch region is dispensable for the lytic infection cycle
of Sfi21 and only necessary during establishment and
maintenance of the lysogenic state and the induction
from the prophage state.
Only a single early gene, ORF 170, transcribed from
the 4.8-kb early mRNA, provided informative database
matches and is a good candidate for a transcription
regulator. Over the N-terminal half it shared significant
similarity with a possible transcription regulator from
Bacillus subtilis and repressors from phages infecting a
large range of bacteria. The similarity covered the helix-
turn-helix DNA binding region of the coliphage 434 re-
pressor. Over its C-terminal half it shared similarity with
a probable regulatory protein from enterococci (Lucchini
et al., 1999a). In contrast to the situation in the virulent L.
lactis phage c2 (Lubbers et al., 1995), no like factor was
identified on the Sfi21 genome. Also in contrast to phage
c2, no clear transition from early consensus to late non-
consensus promoters was seen in phage Sfi21, suggest-
ing a distinct type of transcription regulation in both
phages.
Our primer-extension results deserve a comment.
Primer extension determines the 5 end of the transcripts
as they are found within the cell; they do not necessarily
correspond to the transcription initiation sites. In fact,
few phage Sfi21 transcripts were preceded by standard
10 and 35 promoter sites when inspected visually.
Several reasons could account for this observation. First,
the 5 ends of the phage Sfi21 transcripts might be
processed and might not correspond to the authentic
transcription initiation site. Since vaccinia virus guanylyl-
transferase can only add a radiolabeled cap to RNA
having a di- or triphosphate at the 5 end, only ends
generated by initiation of transcription will be labeled
(Hsu et al., 1990). In preliminary experiments, RNA was
isolated from infected cells during the late infection
phase when Northern blots demonstrated the presence
of most early, middle, and late transcripts. The RNA was
radiolabeled with guanylyltransferase and the labeled
RNA was hybridized against a slot blot DNA array of PCR
products representing all segments of the phage ge-
nome. Interestingly, only tail fiber genes, but no DNA
packaging, head or tail genes hybridized with the labeled
late RNA probe (M. Ventura, unpublished results).
Second, several mRNA had multiple start sites. This
creates problems for the alignment and the definition of
consensus upstream sequences. In most cases the mul-
tiple 5 ends were close to each other, which is not
unusual for prokaryotic promoters. In a few cases, how-
ever, multiple 5 ends were identified (ORF 157, 504, and
especially 221, where two major putative start sites were
spaced 200 bp apart). Third, the lack of sequence con-
servation of the upstream sequences might reflect a
lesser degree of sequence conservation in S. thermophi-
lus than in L. lactis. A compilation of cellular streptococ-
cal genes (Constable and Mollet, 1994; Sabelnikov et al.,
1995; Stingele and Mollet, 1996; Vaughan et al., 2001)
also showed no clear consensus promoter sequence
FIG. 10. Effect of chloramphenicol on the transcription of the genetic switch region. (A) Northern blots of RNA isolated from phage-infected cultures
at the indicated times p.i. The infections were done in the absence () or presence () of chloramphenicol. The blots were probed with ORF 75
repressor (A) or ORF 127 repressor (B).
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(data not shown). Fourth, the chloramphenicol experi-
ments suggest that a phage protein(s) encoded by an
early gene is necessary for the transcription of middle
and late genes, suggesting nonconsensus promoters. To
identify the phage Sfi21 promoter sequences, the up-
stream sequences must be directly tested for promoter
activity in promoterless indicator vectors. Two technical
problems make this approach not straightforward. Com-
mon promoter screening vectors from L. lactis cannot be
used in S. thermophilus, which has for example a much
higher endogenous -galactosidase and -glucuroni-
dase activity than L. lactis. In addition, the chloramphen-
icol experiments suggest that most of the identified pro-
moters will not be active in the absence of supplemen-
tary early phage factor(s).
Late genes
The in silico definition of the DNA packaging module
was confirmed by transcription analysis. The packaging
region gave rise to defined late transcripts, whereas
transcripts of the tail morphogenesis and the lysis mod-
ules gave a smear of mRNAs. Degradation of late tran-
scripts by nonspecific cellular RNases is unlikely since
late transcripts from the head morphogenesis module
showed a distinct hybridization signal until late in the
infection cycle. The smearing of late transcripts has been
observed in a number of lactococcal phages (sk1,
Tuc2009, bIL41; Chandry et al., 1994; Parreira et al., 1996;
van Sinderen, personal communication). Segmental dif-
ferences in the stability of polycistronic mRNAs have
also been reported for a number of phage operons
(Mudd et al., 1990). In analogy to the T4 phage system,
Parreira et al. (1996) proposed RNase E cleavage for late
transcripts from lactococcal phages. Putative pen-
tanucleotide consensus sequences (A/G)AUU(A/U) for
RNase E recognition were detected in a number of late
ORFs from phage Sfi21 (ORF 623, 117a, 1276, 288). How-
ever, the predictive value of such consensus sites has
been questioned (Cohen and McDowall, 1997). It is
therefore unclear whether specific RNase can explain
the instability of selected late transcripts.
The mRNA smearing prevented the definition of the
border between tail fiber genes (last clear representa-
tive: tail absorption gene/ORF 1276) and the lysis module
(first clear representative: holin/ORF 141b). Primer-exten-
sion experiments suggested that the lysis genes are
cotranscribed with the preceding tail fiber genes. The
next possible transcript putative start sites were placed
ahead of ORF 670 (weak signal, data not shown) and
ORF 515. The control of the phage Sfi21 lysin activity
probably occurs at the protein level. Possibilities for lysin
control are provided by the presence of two holin genes
in S. thermophilus phages (Sheehan et al., 1999) and the
dual start motif (Bla¨si and Young, 1996; Bruttin et al.,
1997a) in holin ORF 87a gp.
Interestingly, the 6.2-kb late transcript covered genes
from three distinct modules (head morphogenesis, puta-
tive head-to-tail joining genes, and major tail protein).
Cotranscription of the major tail gene with the head
morphogenesis genes did not come as a surprise since
a rho-independent terminator was predicted down-
stream of ORF 202. This terminator separates the major
tail gene from the remainder of the other tail genes.
Interestingly, the transcription separation of the tail
genes ORF 202 and 117a in Sfi21 occurs at a genome
position where Sfi21 deviates substantially from the oth-
erwise closely followed gene map of lambdoid phages
(Bru¨ssow and Desiere, 2001). ORF 117a “replaces” two
lambda genes (G and T) and no evidence for translation
frameshift was obtained This suggests a distinct mode of
tail morphogenesis in phage Sfi21 when compared to
lambdoid coliphages. In addition to a putative transcrip-
tion start site upstream of the portal gene, primer exten-
sion analysis revealed supplementary putative transcrip-
tion start sites upstream of the proteinase and the major
tail genes. This indicates some flexibility in the expres-
sion of the head morphogenesis genes. All these 5 ends
were followed by a ribosomal binding site. In contrast,
the major head protein, probably the most abundant
protein produced during phage Sfi21 infection, is neither
preceded by a putative transcription start site or by a
ribosomal binding site. The major head protein is pro-
teolytically processed (Desiere et al., 1999), possibly by
the ClpP-like protease encoded by the gene upstream of
the major head gene. The transcription and translation of
the head gene might thus be coupled to the expression
of this protease.
Outlook
Our analysis has proven that in silico analysis can
provide a relatively reliable first orientation on the ge-
netic organization of a phage genome. The detection of
synteny and the conservation of gene order within the
lambda supergroup of Siphoviridae allowed gene predic-
tions even when no informative database matches were
obtained. Transcription mapping is a suitable tool that
can verify these in silico predictions. In addition, the
analysis of the temporal transcription pattern provides a
dynamic picture of the phage genome and allows insight
into the regulatory circuits. To fully exploit this approach,
the viral genome expression must be studied under var-
ious conditions of phage–cell interaction. Here we de-
scribed the transcription pattern of a temperate S. ther-
mophilus phage under lytic infection conditions. The
transcription analysis of phage Sfi21 under distinct con-
ditions (establishment/maintenance of lysogeny, induc-
tion of a lytic infection cycle from the prophage state)
could shed light especially on the role of the genetic
switch region in this temperate phage. It will also be
interesting to compare the observed lytic transcription
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pattern to that obtained with the closely related virulent
S. thermophilus phages and deletion/replacement deriv-
atives of phage Sfi21.
MATERIALS AND METHODS
Bacterial strains, bacteriophages, and media
The E. coli strain XL1-Blue was cultivated aerobically
in LB broth or on LB broth solidified with 1.5% (w/v) agar
at 37°C. Streptococcus thermophilus strain SfiI and
transformants thereof were routinely subcultured at 42°C
in either LM17 (M17 supplemented with 0.5% lactose) or
Belliker (DIFCO, Detroit, MI) media. Phage Sfi21 was
propagated on S. thermophilus strain SfiI in LM17 broth.
Phage enumeration was achieved by plaque assay as
described by Foley et al. (1998).
Construction of plasmids
The cloning vector used in this study was the high
copy number E. coli/lactococcal/streptococcal shuttle
vector pNZ124 (Platteeuw et al., 1994). A 2534-bp XbaI
fragment from the lysogeny module of the S. thermophi-
lus phage Sfi21 was cloned in the XbaI site of pUC19
generating the construct pX6. The insert was then trans-
ferred as a BamHI–HindIII fragment from pX6 and cloned
in the respective sites of pNZ124 generating the con-
struct pSFswi. The putative cI-like repressor gene, ORF
127, was cloned independently of ORF 75, the putative
cro repressor gene, by inserting the 664-bp BsrBI/BamHI
fragment of pX6 in the EclI36II/BamHI sites of pNZ124,
generating the construct pSFcI. pSFcro consists of a
517-bp BamHI/XbaI PCR fragment (containing the puta-
tive genetic switch region, ORF 75, and the 5 ends of
ORF 127 and 287) cloned in the respective sites of
pNZ124. The PCR fragment was generated using phage
Sfi21 DNA as the template and primer pair 1F/R (5-GG
CTGCAGGATCCG ACA TGG AAC TGT TGT C-3 and
5-GC TCTAGA AAG TTC ATT CAT CGT CA-3, containing
BamHI and XbaI restriction sites, respectively).
DNA techniques
DNA samples were amplified in a Perkin–Elmer ther-
mal cycler programmed for 30 cycles each consisting of
94°C for 30 s, 55°C for 30 s, and 72°C for 1 min.
Synthetic primers were designed according to the estab-
lished phage Sfi 21 DNA sequence (Accession No.
NC_000872) and used together with the relevant DNA
template and Taq polymerase Fementas. PCR products
were purified using the Qiagen PCR-purification kit fol-
lowing the instruction of the supplier.
Total RNA isolation
Batch cultures (350 ml) were prepared by inoculating
Belliker broth with 3.5 ml of an overnight culture of S.
thermophilus SfiI followed by incubation at 42°C until an
OD600nm of 0.2 was reached. CaCl2 was added to a final
concentration of 10 mM before phage Sfi21 was added at
a multiplicity of infection of 8.
Samples (20 ml) were taken at 0, 2, 7, 17, 22, 32, and 37
min after the start of infection. Immediately after collec-
tion, the cell samples were frozen in a ethanol–dry ice
bath.
Total RNA was isolated by resuspending the frozen
bacterial cell pellets in 1 ml of TRIzol Reagent (Gibco-
BRL, Gaithersburg, MD), adding 106 m glass beads
(Sigma Chemical Co., St. Louis, MO), and shearing the
slurry with a Mini-Beadbeater-8 cell disruptor (Biospec
Products, Bartlesville, U.K.) as described by Walker et al.
(1999). Standard procedure to minimize RNase contam-
ination was used (Sambrook and Russel, 2001).
Northern blot analysis of phage transcripts were car-
ried out on 15 g aliquots of total RNA separated on a
1.5% agarose-formaldehyde denaturing gel, transferred
to a zeta-Probe blotting membrane (Bio-Rad Laborato-
ries, Richmond, CA) by the method of Sambrook and
Russel (2001) and fixed by UV cross-linking using a
Stratalinker 1800 (Stratagene).
Northern blots and hybridizations
Prehybridization and hybridization of the Northern
blots were carried out at 65°C in 0.5 M NAHPO4 (pH
7.2)–1.0 mM EDTA (pH 7.0)–7% sodium dodecyl sulfate
(SDS). Following 18 h of hybridization, the membrane
was rinsed twice (30 min) at 65°C in 0.1 M NaHPO4 (pH
7.2)–1.0 mM EDTA–1% SDS, twice (30 min) at 65°C in 0.1
M NaHPO4 (pH 7.2)–1.0 mM EDTA–0.1% SDS, and ex-
posed to X-OMAT autoradiography film (Eastman Kodak
Co., Rochester, NY).
The probes for the Northern blot hybridization were
labeled with [32P] by using the random-primed DNA
labeling system (Boehringer Mannheim GmbH) and pu-
rified with Nuc Trap probe purification columns (Strat-
agene). Their location on the phage genome are pro-
vided in Fig. 1.
Primer extension analysis
The 5 ends of RNA transcripts were determined in
primer extension reactions conducted with 15 g of total
RNA mixed with 1 pmol of primer (IRD800 labeled) and 2
l of Buffer H (2 M NaCl, 50 mM PIPES, pH 6.4). The
mixture was denatured at 90°C for 5 min and then hy-
bridized for 1 h at 42°C. After addition of 5 l 1 M
Tris–HCl (pH 8.2), 10 l 0.1 M DTT, 5 l 0.12 M MgCl2, 20
l 2.5 mM dNTP mix, 0.4 l (5 U) reverse transcriptase
(Sigma), and 49.6 l double-distilled water, the enzymatic
reaction was incubated for 2 h at 42°C. The reaction was
stopped by adding 250 l ethanol/acetone mix (1:1) and
incubated at 70°C for 15 min followed by a centrifuga-
tion at 10,000 rpm for 15 min. The pellets were dissolved
in 4 l distilled water and mixed with 2.4 l loading
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buffer from the sequencing kit (Thermo-sequenase fluo-
rescence labeled, Amersham). The cDNA was separated
through 8% polyacrylamide–urea gels along with se-
quencing reactions which were conducted using the
same primers employed for primer extensions and de-
tected using the LiCor sequencer machine (MWG Bio-
tech).
The synthetic oligonucleotides (MWG Biotech) used
for primer extension experiments were listed in Table 1.
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